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Abstract 

We present a mechanism where a particle asymmetry in one sector is used to generate 
an asymmetry in another sector. The two sectors are not coupled through particle number 
violating interactions and are not required to be in thermal contact with each other. When 
this mechanism is applied to baryogenesis in asymmetric dark matter models, we hnd that 
the dark matter particles can be extremely light, e.g. much lighter than an eV, and that in 
some cases there is no need to annihilate away the symmetric component of dark matter. 
We discuss a concrete realization of the mechanism with signals in direct detection, at the 
LHC, at H-factories or future beam dump experiments. 
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1 Introduction 


Since the discovery of dark matter (DM), there have been two paradigms developed to explain 
its current number density. The hrst is the idea of thermal freeze-out. When the dark matter 
annihilation rate falls below the Hubble expansion rate, a relic abundance results. The second 
paradigm postulates the existence of an asymmetry between the number densities of dark matter 
particles and anti-particles. It is then impossible for the dark matter to be completely annihilated 
away. In the hrst case, the dark matter and baryon energy densities are completely unrelated 
and their approximate equality today {pdm/pb ~ 5 [^) is just an accident. On the other hand, 
asymmetric dark matter models can naturally relate the two quantities by either generating an 
asymmetry in one sector and then transferring it to the other sector, or by generating both 
at the same time. Cases in which the asymmetry is transferred via electroweak sphalerons 
11 or other baryon number violating interactions [l2| - [^ have been explored extensively in the 
literature. These models typically predict Qdm/^b ~ 'nT'DM/’mB, once the symmetric component 
of dark matter is annihilated away. Therefore accounting for the approximate coincidence in 
energy densities requires annihilating away efficiently the symmetric component of dark matter 
and tying the dark matter mass to the baryon mass scal^ 

In this paper, we present a new mechanism where an asymmetry is used to generate another 
asymmetry. When applied to asymmetric dark matter models, it can produce a large hierarchy 
between the dark matter and proton masses and in some cases, removes the need to annihilate away 
the symmetric component of dark matter. If the asymmetry is hrst generated in the dark sector 
and then used to create a baryon number asymmetry, we show that it is possible to accommodate 
sub eV asymmetric dark matter candidates, a possibility not present in existing models in the 
literature. 

Rather than sharing an asymmetry between two sectors, we consider using the asymmetry in 
the dark matter sector to spontaneously generate a new asymmetry in the visible sectoiQ We call 
this new scenario “selhsh” dark matter. In more detail, hrst an asymmetry in the dark matter 
sector is produced via any of the known mechanisms: decays of heavy particles [28], Affieck-Dine 
hat directions 


black holes 36 


29 , spontaneous darkogenesis 30,31 , dark electroweak baryogenesis 32-35 


or 


Next, we assume that the Lagrangian of the theory contains the operator 

h? 


( 1 . 1 ) 


These interactions do not violate baryon or dark matter number. Instead they source a chem¬ 
ical potential for baryons proportional to the asymmetric dark matter number density p ~ 
{J^m )/= ?7,£)jvf/A^. In the presence of a chemical potential, thermal equilibrium carries a 


’^Exceptions include models where the dark matter becomes non-relativistic when electroweak sphalerons are 


25 


26 

27 


27 where the interactions of the dark matter sector with the 


generating the two asymmetries simultaneously 
similar mechanism was discussed in Ref. 

Higgs boson is such that in thermal equilibrium a non-zero B-L charge induces a non-zero value for the non- 
conserved dark matter charge. 
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( 1 . 2 ) 


This alone is not enough to generate a baryon asymmetry. However if explicit baryon or lepton 
number violation, such as electroweak sphalerons or right handed neutrino masses, are in equilib¬ 
rium, then an asymmetry in the dark matter sector generates an asymmetry in the visible sector 
proportional to the temperature at which these interactions freeze-out rih — ni 
While the source of our chemical potential is different, this is the approach of spontaneous baryo- 
While the focus was different. Ref. 


37,38 


39 also used this operator to generate spon- 


genesis 
taneous baryogenesis. 

This simple mechanism has three important features. First, since Tb±l and A are a priori 
unrelated, it is possible to generate the correct ratio of the DM and baryon energy densities 
for dark matter masses far from the GeV scale. Second, the asymmetry in the visible sector is 
generated by the background value of an operator, so thermal contact between the Standard Model 
(SM) and the dark sector is not required for successful baryogenesis. This opens the possibility of 
evading Big Bang Nucleosynthesis and structure formation bounds on the dark matter mass and 
having extremely light asymmetric dark matter. Finally, in realizations of the mechanism where 
the dark and visible sector are not in thermal contact, we do not need to annihilate away the 
symmetric component of dark matter. We can use mechanisms such as Affleck-Dine baryogenesis 
in the dark sector, which naturally produce large asymmetric components, without annihilating 
away the remaining symmetric component. 

In the Standard Model, electroweak sphalerons break R -|- L so we can either consider theories 
with only B + L violation or theories that break both B + L and B — L. In the hrst case, 
baryon number violation decouples when the electroweak sphalerons freeze-out at a temperature 
Ts ~ 10^ GeV. This realization of the mechanism features an “Asymmetric WIMP miracle”. If 


the dark matter mass is around a GeV, the interactions in Eq. (1.1) are suppressed by the TeV 


scale and can give signatures at direct detection experiments, R-factories, the LHG and beam 
dump experiments. In the second case, the highest decoupling temperature (Tb-l) dominates the 
generation of the asymmetry. 

In Section we present a simple toy example which has all of the features of our model. In 
Section we show how the dark matter asymmetry generates a chemical potential and hnd the 
region of parameter space of the model compatible with the observed baryon number abundance. 
In Section we discuss in more detail why our mechanism does not require thermal contact 
between the two sectors and how extremely light dark matter can be accommodated. In Section]^ 
we discuss realizations of the mechanism with interesting phenomenological features. 


2 A Toy Model 

In this section we present a simple toy example which exhibits all of the qualitative features of 
our mechanism. We assume that the theory has two sectors that are not necessarily in thermal 
contact. We denote them as the dark sector and the visible sector. The dark sector consists of a 
single complex held 0. The visible sector contains a single massless fermion -0 and a '0 number 
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Visible Dark 



Figure 1: A diagrammatic picture of our toy model. The visible sector consists of a single fermion 
ip and an interaction that breaks ip number. The dark sector consists of a single classical held (p 
which carries an asymmetry. These two sectors communicate through a single higher dimensional 
current-current interaction. 


violating interaction that freezes-out at a temperature T^. The only interaction connecting the 
two sectors is the higher dimensional operator 


C D 


A2 


{{d^^cp)^ cp - (p^df^p)^ i'lplti'ip) 
A2 


( 2 . 1 ) 


The model is shown diagrammatically in Fig.j^ For our mechanism to work, we need to acquire 
a background value. To this end, we assume that 0 is a classical held with an asymmetry and a 
potential dominated by its mass term. With this setting in mind we can study the evolution of 
the held after its asymmetry is generated. 


0 + SH<j) + — 0 . 


( 2 . 2 ) 


We further make the simplifying assumption that (p is completely asymmetric. Then in the limit 
3> H, the late time solution of the previous equation is 

and we have a redshifting dark matter asymmetry (J°) = 2m<^|0oP (o(^o)/o(^))^- To hx (pQ, we 
assume that, as in the case of dark matter, we know the energy density po of (p at some later time 
tfj, when the universe is at the temperature Tq. In particular, we imagine that we have measured 


Po = 2mJ|0or ■ 


( 2 . 4 ) 


Plugging this value for the amplitude of the background held into Eq. (2.1), we hnd that the 
visible sector is modihed in the following way. 


C D 


Po 


m<^A2 


— — 

{ip-foip) = /i {^p^o^p) = /i (np - n^) 


(2.5) 
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where we have traded the scale factor for the temperature. We see that the effect of the asymmetry 
in the dark sector is to induce a splitting between -0 and '0 energy levels; the background value of 
(j) acts like a chemical potential for the "0 held. In the presence of 0 number violating interactions, 
thermal equilibrium carries an asymmetry in 0 




d^p 

(27r)^ -|- X 




+ 




g(p+/i)/T _|_ X 

T>/i, 


( 2 . 6 ) 


where the additional factor of 2 comes from the two spins of 0. Notice that this asymmetry 
decreases with temperature. At some temperature il) number violation freezes-out and the 
asymmetry can no longer change. We hnd that the hnal 0 number asymmetry is proportional to 
the 0 held asymmetry 


Y^ = 




^y 


nj: 


y 


rp2 rp2 

^y V ^ 

— 


3A2 


’3A2 


( 2 . 7 ) 


where s is the total entropy per comoving volume. If we know both the ratios of energy densities 
of 0 and 0 today and T^, this relation gives the scale of the interaction A between the two sectors 
as a function of and m^. In the next section we show what values of A lead to successful 
baryogenesis in the presence of diherent baryon number violating interactions. 

The most interesting feature of this result is that the asymmetry in the visible sector can be 
generated by an asymmetry of a classical held 0, without the need of thermal contact between the 
two sectors of the theory. Furthermore we show in Section that thermal contact is not needed 
even if 0 is more accurately described by a thermal ensemble of particles. This approach allows 
for two notable diherences between our model and a traditional asymmetric dark matter scenario. 
First, we can make the dark sector extremely cold, as we did in this toy model by choosing a 
zero-momentum classical held. Extremely cold dark sectors evade cosmological constraints on the 
dark matter mass and we can easily accommodate sub eV asymmetric dark matter. Second, we 
can easily have dark sectors with large asymmetric components of dark matter and no need to 
annihilate away the symmetric component. 


3 Baryogenesis from Selfish Dark Matter 


In this section, we expand the toy model discussed in the previous one, constructing a theory that 
can generate the observed baryon asymmetry starting from an asymmetric dark sector. As men¬ 
tioned before, the dark matter asymmetry generates a chemical potential for the baryons through 
the higher dimensional current-current operator shown in Eq. (1.1). Rather than discussing the 


operator directly, we introduce explicitly a U{1) gauge boson in order to capture the ehect of light 
mediators and high temperatures. To be concrete, we consider a specihc model where B ± L + D 
is gauged and then spontaneously broken. Here B{L) is baryon (lepton) number and D the dark 
matter number. A gauged anomalous symmetry implies the presence of a UV cutoff. At the 
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cutoff, there can either be new particles charged under B + L and SU (2) or the B ± L + D gauge 
boson could be a spin one meson of a conhning sector. 

We hrst discuss the case in which no — njj = tidm is a particle number asymmetry, then 
consider an asymmetric classical held. In the following we always assume that dark matter number 
violation freezes-out at a temperature To much larger than the temperature at which baryon or 
lepton number violating interactions fall out of equilibrium. 


3.1 Particle Dark Matter 


We hrst consider the case where the dark matter is described by a set of particles. As mentioned 
before, we introduce a. B ± L + D gauge interaction mediated by the vector boson A^. The hnite 
temperature Lagrangian for the Aq component of the B ± L + D gauge held is 


C = 


m\{T) 


+ QaAq (+ JB±Lj + 


(3.1) 


where 


ni\{T) =m\ + 


9^ 

6 


'^ihi 


(3,2) 


Here r* = Tj/T is the ratio of the temperature of particle i to the temperature of the SM photons 
and the sum runs over all Weyl fermions and scalars charged under B ± L + D with mass less 
than Tj. The thermal contribution is the well known Debye mass for the electric held. In our 
convention g = 1 for a Weyl fermion and g = 2 for a Dirac fermion. 


In the presence of a dark matter asymmetry, {J^) = udm-, the interaction in Eq. (3.1) generates 
a tadpole for Aq which gives it a Lorentz-violating vacuum expectation value. The non-zero vev 
of Ao acts as a chemical potential for the Standard Model particles and as long as B ±L violation 
is in equilibrium we have 


— -^gA{Ao)T‘^ — —Ydm 
os 


a± 




(3.3) 


If there are no new particles charged under B or L other than the SM fermions, the a± coefficients 
can be computed from the relations between SM chemical potentials (see Appendix 0 giving 
a+ = 408/37 and a_ = 79/11. In spite of the intermediate step involving the Aq vev, this 
is completely equivalent to the toy model described in the previous section. When the dark 
matter current gets a background value, the SM obtains a chemical potential fi through the gauge 
interaction that connects the two sectors. Here fi (Ao) ~ hdm- Since we have decided to work 
in unitary gauge, the description in terms of the Aq vev is more convenient. However we could 
have computed the matrix element for the current-current interactions connecting SM and dark 
sector and obtained the same result in a manifestly gauge invariant way. 


We can see from Eq. (3.3) that in the limit of large m^, we recover the higher dimensional 


operator result with A = niA/gA- In this limit, the baryon number density is smaller than the 
dark matter asymmetry, Yb ~ YnMg^T '^In the opposite limit, mA/gA ^ T, the asymmetry 
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in the dark matter and the visible sector are approximately equal, Yb ~ Ybm- In more detail, for 
a hxed dark matter asymmetry there is an upper bound on the asymmetry in the SM given by 


\^b±l\ < 


a± 


Ei + a± 


Y, 


DM 


( 3 . 4 ) 


In the minimal model where only the dark matter is charged under only the Standard 

Model is charged under U{1)b,l and the temperature of the two sectors are the same, we have 
IbsitLl < (0.4, 0.3) \Ybm\ ioT B + L and B — L violation, respectively. The inequality is saturated 
for Tb±l ^ BiiA/gA- This implies an upper bound on the dark matter mass needed to reproduce 
the observed baryon asymmetry of O (GeV). A priori there is no lower bound as long as T|/A^ can 
be made arbitrarily small. In the next section we discuss in more detail how to evade cosmological 
constraints on the dark matter mass and allow moM ^ keV. 

So far we have computed the B ± L asymmetries. To relate them to the observed baryon 
asymmetry we need to take into account the effect of SM electroweak sphalerons and do a chemical 
potential calculation. This is done in detail in Appendix and in this section we just present the 
result. In the presence of B + L violation only and having gauged B + L + D, from Eq. (3.3) we 
have 


Y, 


YYbm 


B 


6m^ 


9\Tl 


+ 26 


(3.5) 


B+L 


for temperatures below the electroweak phase transition. To obtain Eq. (3.5), we have assumed 


that the two sectors have the same temperature and that the contribution from the B + L + D 
Higgs to the Debye mass of Aq can be neglected. If the last source of B + L violation to freeze 
out is the electroweak sphalerons, i.e. 


T, 


B+L 


132 GeV 40 


we can solve Eq. (3.5) for niA/gA 
and obtain the scale of the interaction needed for successful baryogenesis. To do this we need 
to specify what fraction of the current dark matter energy density is due to the asymmetry. We 
introduce 


Rd 


np - 
Up + 


( 3 . 6 ) 


SO that Rp = 0 corresponds to symmetric dark matter while Rp = 1 corresponds to completely 
asymmetric dark matter. Then today Yp/YpM = {bapm/biIp){pb/RpPpm) ~ {mpM/5Rpmp). 
This allows us to solve for the strength of the interaction and we obtain 

— ^4 X 10~^ GeV~^^ ^ (3.7) 

URoGeY\_^ 
y \ moM ) 


In this case, the upper bound on the dark matter mass discussed before is approximately 1 GeV 
times the fraction of the asymmetric component of dark matter. Not surprisingly the strength of 
the interaction is set by the B + L violation freeze-out temperature rriAlP a ~ Tb+l and the dark 
matter mass. 
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\i B — L violation is present and decouples at a temperature Tb-l S> T5, combining Eq. (3.3) 
and the results in Appendix we get 

948 Ybm{Tb-l) 


Yb{Tb-l) = 


407 


rp 2 “T 11 


+o{T^/n_L) . 


(3.8) 


So to reproduce the observed baryon asymmetry we find that 


9A 

rriA 


0.5 

Tb-l 


GeV ^ 
rriDM ) 


- 1 


(3.9) 


is needed, giving the upper bound ttidm ^ 0.5i?D GeV. 

While not discussed in detail in this paper, this approach can also be used assuming that a 
SM asymmetry is generated first and then used to generate the dark matter asymmetry. In this 
case, we have 


Ydm = -Y, 


B±L- 


Ei + b + 


6m j 

ip® 


(3.10) 


where b is the equivalent of a± for the dark matter sector. Using the representative value of 6 = 2, 
assuming that the two sectors are at the same temperature and taking the temperature at which 
DM number violating interactions freeze-out to be To, we find that 


gA _ 0-6 1 


(3.11) 


In this scenario, the dark matter mass has a lower bound of ~ 44 GeV. Thus we see that selfish 
asymmetric dark matter can be either extremely light or extremely heavy compared to the proton. 
This behavior is easy to understand in the two extreme cases. For ttla ^ Td only a small 
asymmetry is generated in the dark matter sector and to obtain pdm/Pb ~ 5, we need tudm 3> rrip. 
The lower bound is saturated in the opposite limit where ubm ~ and 0{1) factors explain 

the difference between DM and proton masses. 


3.2 Classical Dark Matter 


As mentioned before, the mechanism has the potential to accommodate extremely light asym¬ 
metric dark matter. The simplest way to exploit this feature is to have the dark matter energy 
density in the form of zero momentum oscillations of a classical field, as shown in our toy example. 
In this setting, light dark matter automatically evades Big Bang Nucleosynthesis and structure 
formation bounds. A well known example is that of a misaligned axion field. In our setup we 
need a particular form of the classical field reminiscent of squarks or sleptons in Affleck-Dine 
baryogenesis 


29 , since we would like the operator 


Jdm = ' 4' - Aof’cp'j 


(3.12) 














to acquire a background value. This is easily achieved by assuming that the oscillations of the 
DM held are in the form 




(3.13) 


For simplicity we assumed, as in the toy model in Section that terms other than the quadratic 
mass term in the 0 potential are negligible and hidden the effects of the expansion of the uni¬ 
verse inside 0o. We have also taken the classical dark matter held to be completely asymmetric. 
Following the steps in Section]^ we have that at late times pdm = 2m|,^0Q and 


00 — 




Pdm 


(3.14) 


where pdm redshifts as the energy density of a non-relativistic particle. With these choices, the 
dark matter current acquires the background value {J^m) = ~ From this 

point onwards the discussion is completely equivalent to the particle dark matter case. The only 
diherence is that we have to include a contribution to the gauge boson mass proportional to the 
dark matter energy density 

^ D g\Q\,j^A^A^\(f)(t)\^ = -g\Q‘])M 2 (3.15) 

where we have allowed for the possibility of gauging a quantity proportional to dark matter number 
and giving the dark matter a charge Qdm- Repeating the steps in the previous subsection in the 
presence of this extra mass term, we obtain for B + L violation from electroweak sphalerons 

.^ss4x 10-='GeV-‘-= ^ (3.16) 


The result has not changed considerably with respect to particle dark matter, but in this case 
we have a lower bound on the dark matter mass: 0.6 keV < mr)M/Q dm ^ GeV. In contrast to 
the previous case, in order for the dark matter to be extremely light, its charge must be very 
small. This arises naturally in models where the dark matter obtains a charge under the B ± L 
gauge group through kinetic mixing. Thus a lighter dark matter particle is also less likely to be 
in thermal contact with the SM. 

In the presence of B — L violation at high temperatures, we have instead 


9A 

rriA 


0.5 

Tb-l 


1 



0.6 GeV ^ 

moM ) 


q 2 / 7x 10-9 GeV ^ 

^ DM moM rnoM) 


(3.17) 


In this setup it might seem that there is a lower bound on the DM mass from the requirement 
that 0 starts oscillating before baryon number violation freezes-out. However from the equations 
of motion for 0 and we hnd that the only lower bound comes from structure formation. The 
classical held evolves as 

0 = 0 -h 3H(j) + ~ 0 + 3H(j) + , 
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(3.18) 













where for simplicity we have assumed that 0 does not decay into pairs of gauge bosons or SM 
particles. In the limit H 3> rriDM-, this equation has the solution 


, 202 

0(^) — 01 - , 


(3.19) 


where we have assumed radiation domination. The conserved asymmetric number density is 




DM 


(t) =i 


.(0^02 - 0^0i) 


f3/2 


(3.20) 


which is non-zero even before 0 starts oscillating sinusoidally. This shows that once the asymmetry 
is generated it just redshifts according to its equation of motion 


dJpM 

dt 


= -3HJ? 


DM 5 


(3.21) 


regardless of whether H > muM or H < rriDM- Unlike the case of the axion, the time dependent 
piece is c ritical when H > moM- In fhe opposite limit, ttidm ^ H, fhe solution is given by 
Eq. (3.13) with 0o cx ^nd the equation of state is tc ~ 0. As we have just seen, we do not 
need this regime to set in when the asymmetry is communicated to the visible sector. However in 
order not to disrupt matter radiation equality at Teq ~ eV, we need the classical held to behave 
as cold dark matter, i.e. moM ^ H{Teq) ~ 10“^® eV. 

Note that here we have not specihcally used the AfHeck-Dine (AD) mechanism to generate 
the asymmetry in the dark sector. In AD models the held 0 acquires a minimum away from zero 
due to supersymmetry breaking ehects proportional to Hubble and then spirals back towards the 
origin as H decreases. The hnal value of the asymmetry is reached when the soft supersymmetry 
breaking mass becomes larger than Hubble and the held starts oscillating. So we can use the 
results in this section starting from an AD setup only if muM > H{Tb±l)- For the elctroweak 
sphaleron case, this implies ttlem ^ 10“® eV. We leave to future work the exploration of the 
interesting possibility of an AfHeck-Dine model where rriEM < H{Tb±l)- 


3.3 The Dark Matter Mass 

In this section we have shown that, starting from an asymmetry in the dark sector, we need an 
interaction between the SM and the dark matter whose scale is roughly set by the temperature 
at which baryon number violation freezes-out A = rriA/Q a ^ Tb- The strength of the interaction 
decreases with the dark matter mass as Qa/'^a ~ (’^dm/GoV)”^/^. This is not surprising since 
in our setup the number asymmetry in the visible sector is proportional to the dark matter 
number asymmetry. At a fixed DM energy density, a lighter dark matter particle corresponds 
to a larger number asymmetry and thus a less efficient generation of the asymmetry. This also 
implies an upper bound on the dark matter mass of Cl(GeV) corresponding to the case in which 
the interaction is strong enough to give ~ 

We have discussed the generation of the asymmetry both for particle dark matter and an 
asymmetric classical field. The two cases are very similar with the exception of a lower bound 
on the dark matter mass in the classical case, which can be made sub eV, by reducing the dark 
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matter charge. A second bound on the dark matter mass, common to the particle and classical 
held cases, arises from the requirement that the vacuum energy stored in the background value 
of Jdm: or equivalently the Ag vev, does not dominate the equation of state of the universe when 
B ±L violation freezes-ouij^ Since our vacuum energy redshifts faster than radiation and matter, 
this insures that it will not dominate at later times. We hnd that if the dark matter mass is 
too small, its number density in the early universe is large, leading to a sizable vacuum energy 


Pa ~ (^o)^ ~ "^DM- Therefore we can obtain a lower bound on the dark matter mass: 


mnM > 


qVPr(Tb±l)/Pa(Tb±l), where p^j is the radiation energy density and ~ 2 , cb-l ~ 
4. If we ask that Pa(Tb±l) ~ 0.1pr(Tb±l), for completely asymmetric dark matter this gives the 
strongest constraint on the dark matter mass so far, implying tubm ^ 10“® eV. For fermionic dark 
matter this is superseded by a bound arising from dark matter density measurements today. If 
fermionic dark matter was too light, the Pauli exclusion principle would not allow for the densities 
that have been observed in dwarf galaxies. Thus fermionic dark matter must have a mass larger 
than 0.5 keV 41,42 . The bound can vary by factors of a few depending on the assumptions 

and can be affected by dark matter self- 


43, 44 


on the dark matter phase space distribution 
interactions. Rather than discussing these details, we take the order of magnitude estimate. 
Summarizing our hndings, for the mechanism to produce the observed baryon asymmetry we need 


Fermions 

Bosons 


0(0.5 keV) 
10“® eV 


< tubm ^ Rd GeV , 

^ '^DM ^ Rd GeV, 

Kd 


where Rd € [ 0 , 1 ], e ~ 10 “^® and we do not show the small 0 ( 1 ) differences in the bounds between 
B + L violation only and B — L violation. 

The results in this section allow for two important phenomenological consequences that we 
explore in the next two sections. First, we can obtain successful baryogenesis from extremely 
light asymmetric dark matter. This is a rather bleak scenario as far as detection goes since, as 
stated above, the typical interactions would be unobservably small: qa/^a ~ {rriDM/GeY)~^R. 
However it is a conceptual possibility of which our models are the only known example in the 
literature. We discuss in more detail how we can accommodate light dark matter in Section 
The second interesting feature of the mechanism is an Asymmetric WIMP miracle. In its minimal 
realization, electroweak sphalerons are the only source of baryon number violation while both the 
dark matter and the new gauge boson have GeV scale masses. This simple realization can give 


signals at direct detection experiments and colliders. We explore this possibility in Section 5.1 


4 Absence of Thermal Contact 

An interesting feature of this model is that the dark matter does not need to be in thermal contact 
with the SM in order to generate a baryon asymmetry. The reason for this surprising fact is that 
we use the presence of the asymmetric background number density of dark matter to generate the 
asymmetry in the SM. As discussed in the previous section, the most familiar case of a background 
causing a non-trivial effect comes from coherent classical excitations of bosons. For example, if 

^We thank Kfir Blum for pointing this out to us. 
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the dark matter asymmetry was generated by Afleck-Dine baryogensis, then one expects it to be 
in the form 




(4.1) 


which describes a coherent state of anti-particles with no particles present. Because a coherent 
state is made from a large number density of particles, it is expected that it can have a non-trivial 
effect on the SM even if the interactions connecting the two sectors are too weak to maintain 
thermal equilibrium. 

It is signihcantly less obvious how an asymmetry in the form of a number density of fermions or 
a non-coherent excitation of bosons can still affect the SM in the presence of very weak interactions. 
The resolution is that even if there is no thermal contact between the two sectors, the dark matter 
sector still affects the SM through loops. 

To illustrate this phenomenon in detail, we consider the case of fermionic dark matter. For 
simplicity we use again the effective operator description and assume that the following is the only 
coupling between the visible and dark sectors 


C D 


A2 


(4.2) 


We also assume that the temperatures of the SM and the DM sectors are small enough that this 
higher dimensional operator has frozen out. As discussed before, if there is an asymmetry in the 
dark matter sector, then evaluating this operator on the background gives a chemical potential 
for the SM helds /i ~ udm/A^. We now discuss an alternative way to view how the dark matter 
asymmetry generates this operator and show that it is explicitly independent of thermal contact 
between the two sectors. 


Despite the fact that scattering between the two sectors has frozen out, Eq. (4.2) still has loop 


level effects on the SM. We consider the simplest such diagram where we close the loop of ip dm 
particles generating an operator proportional to iPsmI^'P’sm- 




-DM 


E«./ 


d?p Tryo^ 


(4.3) 


The momentum in thermal held theory takes the form 


p = {i'nTDMiP^n -M) Udm , ^ , 


(4.4) 


Here pdm the chemical potential that parametrizes the non-zero asymmetry in the dark matter 
sector, udm ~ gipoMT^j^/Q. We have accounted for the presence of this chemical potential in 
the dark matter equation of state in the standard way. We now make the simplifying assumptions 
that the dark matter is massless and that the chemical potential is small compared to Tdm- In 
this limit, the correction to the Lagrangian is 

= y„TV.« (if) ) = (4.5) 
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We have now arrived back at the result that the chemical potential for the SM is proportional to 
the asymmetric number density of dark matter. However, this derivation should make clear the 
fact that the way this operator is generated has nothing to do with thermal contact between the 
two sectors. Dark matter’s asymmetric number abundance makes an appearance due to the fact 
that the dark matter propagator at hnite density is modihed from the vacuum propagator by the 
Pauli exclusion principle for fermions and Bose enhancement for bosons. These factors are present 
regardless of whether or not the two sectors are in thermal equilibrium with each other. Thus our 
effect is present even if the dark matter and the SM are not in thermal contact. 


4.1 The Temperature of the Dark Sector 


The fact that this mechanism works without thermal contact is very important in opening up 
a large amount of parameter space. If dark matter was in thermal equilibrium with the SM at 
any point, then Big Bang Nucleosynthesis (BBN) and structure formation would place strong 
constraints on its mass. However, since our mechanism allows for the dark matter to be extremely 
cold, both constraints can be completely avoided. To have a sufficiently cold dark sector relative 
to the visible sector, we can have for example a zero-momentum classical dark matter held, as 
discussed in Section 3.2 Even if BBN and structure formation constraints can be evaded, we 


briehy summarize them here. In the case of BBN, new relativistic degrees of freedom present at 
Tsm ~ MeV affect the value of the Hubble parameter that in turn determines the primordial light 
elements abundances. This constraint can be applied by requiring that at 95% C.L. AWfr ^ 1 
where 


45 


A /\r t 

ANes = — = ax 


Pv 


T 

-L IJ 


(4,6) 


Here Pu{x) is the neutrino (a generic dark sector particle X) energy density, T^, (Tom) is the 
neutrino (dark sector) temperature and ax = nF{8nB/7) for fermions with 2nF degrees of freedom 
(bosons with 2ns). The second equality is valid for Tbm ^ In the absence of thermal contact, 
Tdm can be considered to be a free parameter. Therefore the bound can be completely evaded if 
the dark sector is not in thermal contact with the SM before BBN and was reheated to a smaller 
temperature, or if it was in thermal equilibrium with the SM but has decoupled before T ^ 1 MeV 
and cooled faster. It was shown that it is easy to accommodate MeV scale dark sectors as large 


a one generation version of the SM starting from the same reheating temperature 46 


At a later epoch, warm dark matter particles can suppress density fluctuations on scales 
smaller than their free-streaming length. Measurements of the matter power spectrum include 


data from CMB experiments, galaxy surveys and the Lyman-a forest 47,48 and are in agreement 


with the ACDM model. To estimate the constraint on the dark sector temperature imposed by 
these experiments, we require conservatively that the dark matter free-streaming length Xfs = 
f dt(vFM(i)/a(t)) be smaller than the scale probed by the Lyman-a forest measurements, i.e. 
Xfs ^ Mpc |^. If the dark sector decouples when it is non-relativistic or is only reheated to non- 
relativistic temperatures, the free-streaming length grows logarithmically until matter radiation 
equality: Xfs ~ 10 pc (10 MeV /Td)^/T^M/mDM^og{tEQ/td) ^ where Td (T^m) 

is the temperature of the visible (dark) sector at kinetic decoupling. If the two sectors were in 
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thermal contact, these temperatures are the same. In absence of thermal contact at any point in 
the history of the universe, is a free parameter corresponding to the dark sector temperature 
when the SM is at the temperature T^. Requiring Xps Mpc gives a mild constraint on the ratio 
/niDM- Even when the free-streaming length is small the dark sector can not decouple too 
late, because the imprint of acoustic oscillations of the radiation fluid on the DM would suppress 
structure on scales cc 10 pc (10 MeV/T^) (^. If the dark matter decouples when relativistic, the 
free-streaming length is 


Xpg Ri 0.3 Mpc 


keV T, 


DM 


rriDM Tnr ^Jg^iT^R) 


[log(^£;Q/^wi?) + 2] , 


(4.7) 


where we have assumed that the DM becomes non-relativistic at tjsiR < tpQ, when the SM tem¬ 
perature is Trir and the dark sector temperature Trm- We have also let the DM free-stream with 
vdm = c from f = 0 to Irir. If we require Xps ^ Mpc for a particle becoming non-relativistic right 
at matter radiation equality we obtain Trm ^ 10“^ ’ttidm- Note that if all particles in the dark 
sector are approximately at the scale itidm, once we take Trm ^ 10“^ 'moMi the bound on 
from CMB measurements 51 is easily satished. It is also worth mentioning that constraints aris- 

or dark matter self-interactions 


ing from energy injection in the CMB 51 


52 that are typically 


important for light dark matter do not reduce the parameter space of the models that we consider 
here. This is due to the fact that the strength of the dark matter interactions is not related to its 
mass and in this work we have theories where rriAlQ a ^ 100 GeV mpM- 

Finally, we note that the gauge boson connecting the two sectors can potentially bring them 
in thermal equilibrium. For example, if we are using the B + L violation provided by sphalerons 
to generate the asymmetry (i.e. Eq. (3.7) or (3.16) set the strength of the new interaction) and 
the higher dimensional operator approximation, then if tudm ^ 0.06 keV, the interaction will not 


have frozen out by the time sphalerons become inactive. However if we make the dark photon 
sufficiently light at hxed Qa/^a these interactions become IR dominated and never thermally 
couple the two sectors. As we can easily work in the regime where the two sectors never approach 
thermal equilibrium, we do not give the results of a complete computation as it would involve a 
detailed freeze-out or freeze-in calculation (5^. 


5 Phenomenology 

In the previous sections we have described the generation of the baryon asymmetry, deriving a 
range of viable dark matter masses. Here we discuss two realizations of the general mechanism with 
interesting phenomenological consequences. We hrst introduce a model where the SM asymmetry 
is dominated by lepton number violation in the early universe from Majorana neutrino masses. 
In the second model, we generate the asymmetry through SM electroweak sphalerons and hnd 
observable signals at present and future colliders and direct detection experiments. 

The hrst model is extremely simple and can be summarized in a few lines. Once we gauge 
the B — L + D symmetry, a single source of spontaneous breaking of lepton number can be used 
to generate left-handed neutrino masses and the baryon asymmetry at the same time. In more 
detail, we assume that in the UV both B — L and D are good symmetries of the theory. In order 
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to remove the gravitational anomaly of S — L, we introduce right handed neutrinos un. A new 
Higgs held, cPb-l+d, neutral under all SM gauge groups and with L = 2, provides the spontaneous 
breaking of lepton number giving a mass to right-handed and left-handed neutrinos through the 
Yukawa interactions 


6C = -yi(l)B-L+Dl^R^R - y 2 Hlh>R + c.c. 


(5.1) 


where H is the SM Higgs and I the SM left-handed lepton doublet. If we take {(j)B-L+D) = 
vb-l+d ~ 10^^ GeV and assume that j/ 1^2 are 0(1), we obtain light neutrino masses from the 
see-saw mechanism in the right ballpark m,^ ~ y^v'^/yiVB-L+D ~ 0.1 eV. At the same time, we 
have generated lepton number violating interaction^ that freeze-out at a temperature 


2 2 

vWaMpi 


^ 10 ^° GeV. 


(5.2) 


Using Eq. (3.9), we see that this model requires a dark matter mass of ~20 eV. This model has the 
appealing feature of generating neutrino masses and the baryon abundance from the same source. 
However it gives no observable signals at present or planned experiments (see for instance |54]). 
In the next subsection, we focus on a model with a much richer phenomenology. 


5.1 Baryogenesis from Electroweak Sphalerons 

If the generation of the asymmetry is due to electroweak sphalerons and the dark matter mass 
is not too far removed from the GeV scale, it is natural to expect the B + L + D photon to be 
observable and the dark matter to have a direct detection cross section in the ballpark of a WIMP, 
since as we showed before, rriA/gA ^ Ts ~ 100 GeV. In this section we discuss possible signals and 
comment on the constraints on our parameter space. For simplicity we assume that the dark and 
visible sectors have been in thermal contact at least until T 5 , that dark matter today is mostly 
asymmetric Rd ^ I and consider only particle dark matter. 

Before discussing the phenomenology of the model, it is worth pointing out an indirect bound 
on the dark matter mass specihc of this realization of the mechanism. The theory requires gauging 
the B + L + D symmetry, so new matter must be added to cancel the B + L anomalie^ We do 
not add matter charged under D since it would make the U{1)d symmetry anomalous and change 
the dark matter asymmetry. The expectation is that the new particles appear to restore unitarity 
around the scale mA/gA 


A 


NP ^ dvr- 

gA 


3.3 TeV. 


T.16 GeV\ _ ^ 


'mpM J 


(5.3) 


Depending on whether or not these new particles are charged under SU{3)c, current collider bounds 
can go anywhere between 100 GeV and 1 TeV. However since we still want sphalerons to violate 


^ After integrating out the right-handed neutrinos, we obtain the dimension five operator discussed in Section 


A.2 


®The B + L symmetry has two anomalies, Tr(S'{7(2)^ x U{1)b+l) = A 221 = 3 and Tr(t/(l)f. x U{1)b+l) = 
Ayyi = 3. 
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B + L around Ts we require conservatively that A^p > 1 TeV and we obtain mpM < 1-06 Ge\fl 
This might seem a trivial extension of rriDM <1.16 GeV, but it strongly reduces the allowed values 
of the gauge coupling for a given B + L + D photon mass. Before qa was bounded from above only 
by a perturbativity requirement, for every rriA, while now qa < 4:nmA/Apfp < dvr x 10“^ m^/GeV. 
This still leaves open a large parameter space. As we have seen in Section baryogenesis hxes 
only gA/mA'. 


gA ~ 4: X 10 ^ 




(5.4) 


and the mass of the new gauge boson can span over many orders of magnitude, giving very different 
signatures. Additionally, the mechanism works even if only B + D or L + D are gauged and the 
bounds change drastically between different choices of gauge group. Therefore in what follows 
we give only a rough overview of the phenomenology, focusing on possible signals in laboratory 
experiments. 

If baryon number is gauged, we have an observable direct detection cross section for dark 
matter masses not too far from the GeV scale. The leading term in the single nucleon cross 
section for both fermions and bosons reads 


O'N 


g^%g\ 10 cm^ 

(I I GeV A ^ A GeV A ^ ’ 

\ moM) \ rnoM) 


(5.5) 


where /i = mjqmpM/ij^N is the usual reduced mass of the DM-nucleon system. As stated 

above, the requirement of generating the correct baryon asymmetry hxes gA/^^A as a function of 
fnpM- Thus, once we hx the dark matter charge (here Qdm = 1), the cross section depends only 
on its mass. This is strictly true only for > q, where q = 10 ~^is the relevant momentum 
transfer. For very light gauge bosons rriA -C MeV/[l+(GeV/mi 5 M)], the cross section is suppressed 
by powers of m\/ and acquires an explicit dependence on tua- 

In Figure we plot the cross section shown in Eq. (5.5) and compare it with the reach of 
SuperGDMS SNOLAB 56 . The SuperGDMS upgrade has the potential to probe our parameter 


space up to mpM ~ 300 MeV. For lower masses, the bound from XenonlO on dark matter 


scattering off atomic electrons 57 is not relevant in our parameter space. Also proposed direct 
detection electron scattering experiments 58 do not have the necessary sensitivity to probe 


this model. Even in the presence of a direct coupling to electrons our parameter space is out of 
reach for this proposal. Furthermore current direct detection experiments sensitive to low mass 
WIMPS such as DAMIG [59], GDMSLite (60], LUX [M], XenonlO P and SuperGDMS [63] do 


not place constraints on dark matter masses below a GeV. Note that neutron star bounds on scalar 
asymmetric dark matter could already exclude the range of interest for direct detection 64 . Since 


the dark matter could be captured and reach densities large enough to create a black hole during 


®Note that for an abelian symmetry, using charges that are orders of magnitude away fr om each other the 
appearance of new physics can be delayed up to Amp < wi ^ 10^ TeV 

consider this possibility here. 


GeV 


-1 


55 


but we do not 
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Figure 2: Dark matter-nucleon scattering cross section as a function of dark matter mass (light 
blue). The purple dashed line shows the projected reach of SuperCDMS SNOLAB 56 


the neutron star lifetime. However in our models, there is a strong self repulsion that prevents the 
dark matter from clumping into high enough densities and we do not have signihcant constraints 
in the mass range of interest for SuperCDMS SNOLAB 


65 


After having discussed direct detection, we can now turn to the dark photon phenomenology. 
Depending on the new gauge boson mass and on whether or not lepton number is gauged, we can 
have signals also at the LHC and at H-factories. Even though this new gauge boson couples to B, 
L or both, the constraints and the possible signals are very similar to those of a dark photon that 
obtains couplings to the SM through kinetic mixing. As such, we simply refer to the new gauge 
boson as the dark photon. When discussing its phenomenology, we consider couplings given by 
dark matter masses between a keV and a GeV. Some regions of the parameter space with masses 
below an MeV are excluded by BBN. However changing the lower limit on the dark matter mass 
does not change the qualitative picture of the dark photon phenomenology that we are interested 
in, so we always consider the larger dark matter mass range. 

For niA ^ 10 GeV, measurements of Dreh-Yann (DY) production at the LHG are sensitive 


66 


where I = e, /i. If the 
/+/-) 20% and LHG 


to couplings in the ballpark of qa ~ 10“^'^10%/BR(A —)■ Z+Z“) 
dark photon couples directly to H -|- L -|- D, in this rriA range BR(k 
measurements can exclude a fraction of the parameter space between = 30 GeV and 1 TeV, 
where the full allowed range for the coupling is 10“^ ^ 9a < dvr, with the exception of a window 
around the Z mass that is partially excluded by electroweak precision observables 67-69 . The 
high luminosity LHG run at y/s = 14 TeV 69 has the potential to extend the reach on qa by 


almost a factor of 10 with DY searches. For masses up to a few TeV, and 0{1) couplings, searches 
for contact interactions can also play a role 70,71 . However if we omit the direct coupling to the 


lepton current, most of the parameter space is unconstrained. In this case discovering the dark 
photon in this mass range might prove extremely hard since it would behave as a dijet resonance 
with a small coupling to the SM quarks. 
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Similarly, for 50 MeV < uia ^ 10 GeV, the main signals are expected in dileptonic final states 
at ^-factories. The BaBar collaboration already performed a search for e''“e“ —)■ —)■ 7 /^/“ [7^ . 

Reinterpretations of mono-photon signatures are also relevant 73 . If we couple the dark photon 


to lepton number at tree-level, the BaBar search for leptonic hnal states drives the sensitivity 
in the whole mass range excluding ^ few x 10“'^. However, as in the case of a heavy dark 
photon, we can evade this bound for ^ 500 MeV if we do not gauge lepton number. For 
niA ^ 500 MeV even if the coupling to leptons only arises through kinetic mixing, the branching 
ratio to l^l~ is larger than 40% when the decay to dark matter is not kinematically allowed. If 
it is, it typically dominates in the whole mass range under consideration, except in the vicinity of 
spin-one mesons 74 and constraints from leptonic hnal states vanish. Nonetheless monophoton 
searches become comparable in sensitivity in the range 3 GeV < niA ^ 10 GeV 73 . Furthermore 
LSND 75 and the recently completed MiniBooNE run proposed in 2012 76 become sensitive 


to a small fraction of our parameter space for < few hundred MeV. Note that the BaBar 
monophoton reinterpretation should be taken with a grain of salt given that missing energy was 
not a well behaved quantity as it is today at the LHG, due to the nature and calibration of the 
calorimeter. The reach of both BaBar searches can be extended considerably at Belle-II. For 
example it was shown that a dedicated mono-photon trigger could improve the sensitivity of the 
dark matter search by approximately one order of magnitude 

and proton 


MeV electron 77-81 


82 


73 


Finally, for MeV < ruA ^ 50 
87 beam dump experiments can exclude qa ^ 10“® and 


essentially all our parameter space, if visible decays dominate over dark matter decays. 

A large number of future dark photon searches 88 -95 are also relevant for MeV < ruA ^ GeV 

10 - 3 - 


96 


with typical sensitivities in the range ~ 10 ^ —10 In particular HPS 
cover a considerable fraction of our parameter space between ruA ~ few tens of MeV and rriA 


has the potential to 
200 


MeV if the decay to electrons dominates. We leave to future work the study of the complementarity 
of these searches and supernova cooling bounds that in our setup are modihed by the possible 
dark photon decays to dark matter. In general bounds on the cooling of SN1987A (^, the Sun, 
horizontal branch stars and red giants 


98 , of white dwarfs 99 and neutron stars 


can also 

place important constraints on our parameter space for eV < < 100 MeV. However we do not 

discuss astrophysical bounds in detail here. We mention only that if estimated naively, constraints 
from SN1987A seem to exclude a fraction of the parameter space relevant for direct detection even 
when the dark photon mass is much larger than the supernova temperature. Nonetheless once the 
mean free path of the dark matter is taken into account, we hnd that dark matter masses in the 
range interesting for direct detection {tiidm ^ 300 MeV) are not affected, since the particles are 
trapped inside the supernova. 


6 Conclusion and Future Directions 

In this paper, we have presented a new mechanism through which an asymmetry in one sector of 
the theory generates an asymmetry in a different sector, as long as the two are connected by a 
current-current operator. We have applied it to asymmetric dark matter theories showing that an 
asymmetry in the dark sector can be used to generate the observed baryon energy density. This 
approach is unique among models of asymmetric dark matter, since it does not require thermal 
contact between the two sectors and allows the dark matter mass to become both extremely 
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light or extremely heavy depending on whether the asymmetry is hrst generated in the dark 
sector or in the visible sector. Since thermal contact with the SM is not required, we can easily 
have realizations of the mechanism where it is not necessary to annihilate away the symmetric 
component of dark matter that might never have been sizable during the history of the universe. 
This approach also features an Asymmetric WIMP miracle where if the dark matter and gauge 
boson mass are around the weak scale, the SM baryon number abundance is explained. 

The mechanism allows for considerable model building freedom even within the boundaries of 
baryogenesis. We have shown that it can be realized both if the dark matter is described by a set of 
particles or if it is described by a classical held. Furthermore the details of how B or L violation is 
included in the model and the temperature at which SM and dark sector decouple are not crucial. 
In practice this can lead to a variety of explicit realizations with potentially rich phenomenologies. 
Here we have discussed only a particular realization involving particle dark matter, where the SM 
and dark sector are in thermal equilibrium until T ^ 100 GeV and B + L violation is provided 
entirely by the SM electroweak sphalerons. We found that the gauge boson connecting SM and 
dark sector could be detected at the LHC, H-factories or future beam dump experiments and 
we expect direct detection signals that are in the range of sensitivity of SuperCDMS SNOLAB 
for rriDM > 300 MeV. This leaves open the exploration of models where the dark matter is a 
classical asymmetric held, where diherent sources of B and L violation are included or where the 
current-current interaction is not generated by the tree-level exchange of a vector boson. 
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A A baryon asymmetry from chemical potentials 


In the presence of a chemical potential, thermal equilibrium carries a net charge given by 

1 1 


f d^P 

nt-ni = ^Qigi / 
i 


(27r)^ -|-1 -|- X 


-LA - 

6 
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T > 


(A.l) 


where T is the temperature, qi the baryon charge of the particle, rrii its mass, /r* its chemical 
potential, gi the number of degrees of freedom a particle has, and the sum goes over particles but 
not anti-particles. In our model we have both an explicit term in the Lagrangian that acts as a 
chemical potential and the familiar thermal chemical potentials of an equilibrium thermodynamical 
system. In this appendix we compute the baryon asymmetry generated in the SM in the presence 
of this extra explicit chemical potential. 
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As mentioned in the introduction, electroweak sphalerons violate B + L. Therefore there are 
only two possibilities for the generation of the asymmetry, either only B + L is violated or both 
B + L and B — L are. In the hrst case, the B + L violating sphalerons are in equilibrium until 
Ts ~ 132 GeV 40 . On the other hand B — L violation typically decouples at a much higher, 
model dependent temperature and if present would dominate the asymmetry generation. In the 
following subsections, we discuss the two different possibilities in more detail. 


A.l 5 + L violation only 

There are two distinct components of the chemical potential relevant to our discussion. The 
hrst is the familiar chemical potential introduced if a thermal system carries a charge Q. We 
call it the “thermal” chemical potential. The second component is due to an explicit term in 
the Lagrangian that goes as pQ. We call it the “explicit” chemical potential. One can view the 
difference between the thermal and explicit chemical potentials as follows. In the zero temperature 
vacuum, there is no thermal chemical potential and only the explicit chemical potential is present. 
The explicit chemical potential is a CPT violating interaction that splits the energy levels of 
particles and anti-particles. We can interpret the Hamiltonian in a simple way by ignoring the 
connection between particle and anti-particle and consider an equivalent system with two particles 
with different masses and opposite charg^ When putting the system at hnite temperature in the 
early universe, we introduce the thermal chemical potential. As is familiar, any reaction that is in 
equilibrium has the sum of the thermal chemical potentials on one side equal to the sum on the 
other side. Much like in the case of mass terms, the presence of the explicit chemical potential 
does not change these relations. 


The explicit chemical potential appears in the Lagrangian via the operator in Eq. (1.1) 

C D + AiL'i/'iV'L 


(A.2) 


where /is = (//+ -|- g-)nB,M is the explicit chemical potential for the baryons and /is = 
(//+ — g-)nDM /for the leptons. Keeping /is ^ /is provides a simple check of the hnal result. 
If i? — L is a good symmetry, a chemical potential coupled to the B — L current should have no 
effect. Thus the baryon and lepton asymmetries must be proportional to 3/is + /is- To simplify 
matters we work in the limit T ^ m, /i, where m is the mass of any particle carrying baryon 
or lepton number and /i stands for both the explicit and thermal chemical potential. Using this 


approximation and Eq. (A.l), we can write the baryon and lepton asymmetries as 


III 

Ub - ni 

s 

III 

m - uf 


T2 

= + ^uR + + 3(/ids + fJ'dR + 2/is)) — , 

DS 

T2 

= (3(/ij -|- /ijs + g-iR + 3/is)) — , 

bs 


(A.3) 


where s = 2n^g^siT)T^/45 is the entropy density, gu(d)L are the thermal chemical potentials of 
the left-handed up (down) type quarks, gu{d)R for the right-handed up (down) type quarks, giL{R) 


^Technically, only the lowest energy levels of these two systems would be equivalent as chemical potentials and 
masses shift energy levels in different ways. 
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for the charged leptons and pj for the left-handed neutrinos. We have assumed that flavor mixing 
maintains the equality of the chemical potentials for the three generations of quarks. Following 
Ref. 


101 


Hw 


we denote the remaining Standard Model thermal chemical potentials as 
W~ gauge boson 


• po : Neutral Higgs field 

• /r_ : Charged Higgs helds 

The fact that electroweak processes are in equilibrium dictate the following relations between the 
Standard Model chemical potentials 


= h- + /^o 

W- 


IJ'dL = t-i-uL + ^^W 

W ul cIl 


fJ-iL = hi + hW 

hF ^ UiL + CiL 


f^^uR P'0 T PiiL 

■H’ Ul + Ur 


PdK = —Po + PW + PnL 

d]^ Y dR 


PiR = —PO + PW + Pi 

Furthermore we introduce B + L violation by requiring 

^ GiL + diR 

(A.4) 

‘^{,1-^uL T 2pci^) -|- 3pj — 

= 0. 

(A.5) 


This relation is usually attributed to electroweak sphalerons, but chemical potentials are insensitive 
to the details of i? -I- L violation. Adding to the theory any other B + L violating interaction 
would give the same result. 

After B + L violation freezes out, baryon and lepton number are good symmetries of the 
Standard Model and any existing asymmetry cannot be changed. What determines the abundances 
observed today are the baryon and lepton number abundances when B + L violation freezes out. 


If this happens after the electroweak phase transition, in addition to the relations in Eq. (A.4), 


we set po = 0. /tq is the thermal chemical potential of the neutral component of the Higgs doublet 
that becomes zero due to the vacuum condensate of We also set the total electric charge 


+ fJ'uR + 2/iB) — 3(pdL + f^dR + — 3(/ijL -|- ^iR -|- 2/1^) — 4/ivK 


T2 

fa ’ 


(A.6) 


of the universe to zero because inflation dilutes away any initial charge. Solving the equations 
in (A.4) for the thermal chemical potentials and using these two additional constraints (/xq = 0 
and Yq = 0), we can rewrite Eq. (A.3) as 


Yb — ^ {^yB-L + 17(3/rB 5 

Hl = ^ 25Yb-l + 102(3/is-|-/ii)—^ . 


(A.7) 
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Here we allow the presence of an initial B — L asymmetry in view of the results in the next 
subsection, where we introduce B — L violation at higher temperatures. If we assume that T 5 , 
the temperature at which electroweak sphalerons freeze-out, is smaller than the temperature at 
which the electroweak symmetry is broken. Tew-, as suggested by current data 40 , the results in 


Eq. (A.7) are the only relevant ones in the absence oi B — L violation. 

This result neglects corrections proportional to rrit/T. To incorporate them we can write the 
top quark contribution to the baryon asymmetry as 


— - = f (h, T, mt) ^ ^/o (T, mt) , 

s 1 


(A. 8 ) 


where we have assumed that T S> /i still holds, but allowed for m* ~ T. In this limit we still have 
a system of linear equations for the thermal chemical potentials. The new equations can be easily 


obtained from the ones in (A.4) by changing the coefficients of the top quark contribution. If we 
define 


^ /o (T, mt) 

/o(T,0) 


roo , rn - 

L, ‘'■E _ 3 r Es/E^-m} 


then the results in 




are generalized to 


Vb 

Yl 


(5 -|- 5t)YB-L + (38 -|- 13(5t)(3pB -I- ^l) ^ 

97 + lA5t ’ 

-(67 + %5t)YB-L + 6(38 + 1350(3pb + hL)£ 
97 + 145* 


(A.9) 


(A.IO) 


For (5t = 1 we recover the previous equations. In the example discussed in Section |5.1| where 
electroweak sphalerons generate the asymmetry, 5t ~ 0 . 8 . 


A.2 B — L violation 


In this subsection, we assume that there is explicit B — L violation at high energies. As stated 
above, the thermal chemical potentials are sensitive only to which symmetries are broken or 
preserved. As a result, how B — L is broken does not influence the equilibrium values of the 
chemical potentials. In the context of the Standard Model, the lowest dimensional operator that 
breaks B — L is the familiar lepton number violating dimension five interaction that can generate 
neutrino masses: 


{Hlf _ 

^B-L 


(A.ll) 


All dimension six operators compatible with the SM symmetries preserve B — L and to break it 
through baryon number violation requires introducing dimension eight operators. Adding to the 
SM Lagrangian the operator shown in Eq. (A.ll) allows the reaction 


H- + el ^ H+ + el 


(A.12) 
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which sets /i_ = Hn, where is the thermal chemical potential of H~. All the relations be¬ 
tween chemical potentials listed in (A.4) and used in the previous section remain valid. Here we 
consider B — L violating interactions that freeze-out above Tew- For example, for the operator 
in Eq. (A.11), rriiy < 0.1 eV implies Ab-l ^ 10^"^ GeV which gives a freeze out temperature of 
Tb-l ~ A\_j^/Mpi 


IQio GeV 
the weak isospin charge. 


When T > Tew we can set both the electromagnetic charge and 


Fq3 = 


9 3 \ 

- l^dl) + - Al) - 4^1,/ - (no + A-) 1 ^ . 


(A.13) 


to zero since SU ( 2 )l is a good symmetry of the theory and inflation diluted away initial charges. 
Since at T > Tew, the Higgs held has not obtained a vev, po can be non-zero. Repeating the 
previous calculation with these new constraints, we obtain 


Yb-l — 


T2 


(A.14) 


After the electroweak phase transition, this can be translated into a baryon number abundance via 


Eqs. (A.7) or (A.10). Since Tb-l is much larger than T 5 , we can neglect the sphaleron contribution 


to Yb and keep only the term proportional to Yb-l in Eq. (A.7) 
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